INTRODUCTION
O-glycosylation is a post-translational event where a carbohydrate is covalently linked to the hydroxyl group of serine or threonine. However, since not all serine and threonine residues in glycoproteins are glycosylated, there must be sequence context rules which govern O-glycosylation. Such an acceptor sequence rule has been firmly established for N-linked glycosylation of asparagine as the consensus tripeptide Asn-X-Ser/Thr, where X can be any residue except proline (1) . No such clear cut consensus motif exists for O-glycosylation (2) (3) (4) (5) .
O-linked glycosylation serves a variety of functions in biology and is involved in protection from proteolysis (6,7) and recognition (8) . O-linked glycosylation may also play a role in the metastatic potential of tumor cells (9) . It is thus of functional interest to know the sites of O-glycosylation in a given glycoprotein. As experimental methods to determine O-glycosylation are time consuming since they require solid phase Edman degradation and as most protein sequences today are translated from the cDNA sequence, tools for predicting the sites of O-glycosylation exclusively from the primary sequence are needed (2, 10, 11) . A compilation of known and verified O-glycosylation sites will facilitate such research.
O-GLYCOSYLATION TYPES AND SEQUENCE MOTIFS
Mucin type O-glycosylation is initiated by transfer of N-acetylgalactosamine to the hydroxy amino acids serine and threonine by specific UDP-GalNAc polypeptide N-acetylgalactosaminyltransferases (GalNAc transferases) in the cis-Golgi compartment (12) . Elongation of the O-linked oligosaccharide chain proceed in the subsequent Golgi compartments in a stepwise process specific for the expressing cell type. At least six other sugar types (Table 1) can be linked to serine or threonine by different glycosyltransferases. Different peptide acceptor motifs have been proposed for these transferases (13) (14) (15) (16) (17) (18) . It is therefore of importance to discriminate between the type of O-linked oligosaccharide before deducing the sequence acceptor motifs for the transferase in question. However, for the common mucin type O-glycosylation, the proposed motifs (13, 14) account only for a fraction of the known mucin type O-glycosylation sites (2) . Also for the xylosyltransferase have deviations from the proposed motif Ser-Gly-X-Gly, where X is any amino acid (18) been found (19) . These deviations from the proposed consensus acceptor motifs of O-glycosyl transferases motivate a compilation of all known O-linked glycosylation sites and a re-interpretation of the sequence context which govern O-glycosylation. Solving the problem of acceptor specificity of O-glycan transferases may have to take into account the fact that O-glycosylation is a post-translational process proceeding after N-glycosylation and folding (12) . Thus the accessibility of the transferase is confined to the exposed surface residues of the glycoprotein. O-glycosylation of a given site may therefore be dependent of the overall structure of the protein (20) . Sequence acceptor motifs which are O-glycosylated at the surface of glycoproteins, may therefore not be O-glycosylated if they are buried in the core of the protein. Predicting O-glycosylated sites accurately therefore implicitly involves predicting the surface exposure of a given site, which demands more sequence information than a simple consensus motif. 
DATA SOURCES
Proteins with a carbohydrate assigned either to a serine or a threonine residue were extracted from the 1995 versions of SWISS-PROT (21) (release 31.00) and PIR (22) In general the information of the primary databases was reliable, but care should be taken before concluding that a given serine or threonine is not glycosylated if not mentioned in the feature table. An example is the Leukosialin (SWISS-PROT: LEUK_HUMAN) which have 25 O-glycosylation assignments in the database but contain ∼80 O-glycosylation sites (8). 
DESCRIPTION

FIELDS
IDENTIFlER: the unique identifier is a three digit number preceded by a (>) to mark the beginning of the entry. GLYCPROT: the name of the glycoprotein is given in this field. All alternative names are listed separated by commas. SPECIES: the species is given in this field. This is relevant in order to relate subtle differences in the glycosylation pattern between related species. DB_REF: the assigned glycoprotein sequence is fully cross-referenced with the major databases: SWISS-PROT, PIR, PROSITE and PDB. Both accession numbers and entry names are given in this field. OGLYCAN: the reducing terminal carbohydrate linked to the serine and threonine is mentioned (if known). Carbohydrate structures of the elongated chain are mentioned when known, but they often display micro-heterogeneity between different cell systems (12) . SER, THR and ASN: these following fields contain the assignment of the O-linked and N-linked glycosylation sites. If the glycosylation site is verified experimentally by Edman degradation it is marked as experimental. Sites marked as potential in the databases are marked as predicted. Glycoproteins containing predicted sites only are not included. The N-linked glycosylation is also marked in order to see the relation between N-and O-linked glycosylation. REFERENCES: in this field are given the references of the published source of the O-glycan assignment of revised and recently published glycoproteins. Additional references to the sequence information are given in the primary databases. SEQ: contains first the number of residues in the sequence and then the full sequence including signal sequence in a format of 80 characters per line. The assignment of N-and O-linked glycosylation sites are given below, where uppercase (T,S,N) denote experimentally verified glycosylation sites of threonine, serine and asparagine, respectively, and lower case (t,s,n) denote predicted sites. Dots (.) denote no glycosylation. COMMENTS: contain any relevant comment or observation.
PREDICTION OF MUCIN TYPE O-GLYCOSYLATION
To screen recently determined protein sequences for probable mucin type O-glycosylation sites we have developed a tool to predict mucin type O-glycosylation sites from the primary sequence (2). The method is based on artificial neural networks, renowned for their ability to recognize even highly complex and nonlinear sequence patterns (25) (26) (27) (28) (29) . The networks were trained on a non-redundant mammalian extract of O-GLYCBASE and the performance of the predictions were tested on two independent test sets with either low or high sequence similarity to the training set. This was done in order to estimate the range of performance on a given new sequence. As the sequence context around O-glycosylated serines differed from threonine (Fig. 2) these were treated separately. The networks recognized 60-95% of the O-glycosylation sites in the two independent test sets. Details of the network architectures used, training procedures, 
Quality and completeness of data and future directions
The redundancy has been minimized by removing all identical sequences. The aim has been to include all O-glycosylated proteins where the exact position of O-glycosylation is known even if the glycoprotein is not known as O-glycosylated in the primary databases. Comparison to the original papers and comparison with both databases have been used to minimize errors. However, there may still be sites in the database which should be assigned as glycosylated as the recent revision of glycophorin A shows (14) . New entries will be included as they are published or submitted directly to the database. Information of the possible elongated oligosaccharide structures on a given site may be added in the future by cross-refererence to CarbBank (30) .
DATABASE ACCESS
Version 1.0 of O-GLYCBASE is accessible via the internet URL:http://www.cbs.dtu.dk/OGLYCBASE/cbsoglycbase.html or by anonymous FTP to: ftp.cbs.dtu.dk, file /pub/Oglyc/Oglyc.base. Users of the database are encouraged to provide corrections, comments, or new material for the database; unpublished material will be held confidential at request of the authors. The administrator of the database (J. E. Hansen) can be contacted by E-Mail: janhan@cbs.dtu.dk. We encourage users of the database to quote this paper. (2, 31) shown in logo form (32) for mucin type O-glycosylation of threonine (upper) and serine (lower). All sites were aligned with the glycosylated residue at position 0. The height of each column reflects the bias in the distribution of residues sur rounding the glycosylation sites. The size of each residue letter reflects the frequency of the residue on that position. Thereby, the logo displays the specificity pattern of GalNAc transferase. Note the high frequency of proline at positions -1 and +3 as found Wilson, Gavel and von Heijne (3) for glycosylated threonines. However, proline is also abundant at many other positions. The high frequency of serine and threonine in the vicinity of the glycosylated position 0 reflects that O-glycosylation often is clustered, or found within domains of clustered serines and threonines. The height of the central serine/threonine has been scaled to magnify the context and is thus non-informative. The neutral and polar amino acids are shown in green, the basic in blue, the acidic in red and the neutral and hydrophobic in black.
